Abstract Antiretroviral therapy has led to increased survival of HIV-infected patients but also increased prevalence of HIVassociated neurocognitive disorders. We previously identified YKL40 as a potential cerebrospinal fluid (CSF) biomarker of lentiviral central nervous system (CNS) disease in HIVinfected patients and in the macaque model of HIV encephalitis. The aim of this study was to define the specificity and sensitivity along with the predictive value of YKL40 as a biomarker of encephalitis and to assess its relationship to CSF viral load. CSF YKL40 and SIV RNA concentrations were analyzed over the course of infection in 19 SIVinfected pigtailed macaques and statistical analyses were performed to evaluate the relationship to encephalitis. Using these relationships, CSF alterations of 31 neuroimmune markers were studied pre-infection, during acute and asymptomatic infection, at the onset of encephalitis, and at necropsy. YKL40 CSF concentrations above 1122 ng/ml were found to be a specific and sensitive biomarker for the presence of encephalitis and were highly correlated with CSF viral load.
Introduction
HIV-infected individuals are at high risk of developing a spectrum of neurological deficits collectively termed HIVassociated neurocognitive disorders (HAND). Approx imately one of four terminally ill AIDS patients develops a severe neurodegenerative disorder associated with chronic HIV encephalitis (McArthur 1997; Dore et al. 1999 ). Lentiviral encephalitis is characterized by an abundance of activated and infected macrophages, microglial nodules, and multinucleated giant cells. In the era of highly active antiretroviral treatment (HAART), HIV-infected individuals live longer and thus have developed an increased prevalence of neurological disease (Maschke et al. 2000; Sacktor et al. 2002; Gray et al. 2003; McArthur et al. 2003) . Since development of lentiviral encephalitis occurs in only a fraction of infected individuals at variable time points post-infection, it is important to find biomarkers that indicate the onset of neurological disease. Knowing when the onset of encephalitis Electronic supplementary material The online version of this article (doi:10.1007/s11481-016-9666-9) contains supplementary material, which is available to authorized users.
occurs is crucial to developing and instituting neuroprotective therapies (Kolson 2008) . Over the past decade a myriad of potential CSF biomarkers for encephalitis have been examined including CCL2 (MCP-1) (Zink et al. 2001; Mankowski et al. 2004 ), IL-6 (Mankowski et al. 2004) , SIV RNA (Mankowski et al. 2004) , osteopontin (Burdo et al. 2007 ), 14-3-3 (Helke et al. 2005) , neurofilament light chain , and many others Kolson 2008; Pendyala et al. 2009 ).
We recently discovered increased CSF YKL40 concentrations in both human and nonhuman primates with lentiviral encephalitis . YKL40 is a member of the glycosyl hydrolase family 18 that lacks hydrolytic activity and is expressed by synovial cells, neutrophils, and macrophages. While its biological function is unknown, it has been shown to be especially upregulated in inflamed tissues of various origins. In lentiviral encephalitis, astrocytes are the predominant cell type expressing YKL40 (Bonneh-Barkay et al. 2010a) and are presumably the cellular source of increased CSF YKL40 concentrations. We have observed in vitro that YKL40 can bind to the extracellular matrix and displace basic fibroblast growth factor suggesting a potential role in mediating lentiviral-associated neurodegeneration.
To define the specificity and sensitivity along with the predictive value of YKL40 as a biomarker of lentiviral encephalitis, we analyzed CSF YKL40 concentrations over the course of infection in a historic cohort of 19 SIV-infected pigtailed macaques that have been fully characterized histopathologically. These analyses confirmed that YKL40 is a specific and sensitive biomarker for the presence of encephalitis at a concentration of 1122 ng/ml and is highly correlated with CSF SIV RNA concentrations. Retrospective analysis of CSF showed that macaques that developed encephalitis had evidence of chronic CNS immune activation throughout infection. Elevation of macrophage recruitment markers preceded or coincided the development of encephalitis and macrophage activation and interferon response proteins appeared later. CSF from terminally ill macaques that did not develop encephalitis showed evidence of a protective neuroimmune response. Tissues CSF draws were attempted prior to inoculation and every 2 weeks post-infection. CSF was aliquoted and stored at −80°C.
Materials and Methods

Animals
Brains were removed immediately after euthanasia and processed for neuropathological analysis as described previously . Briefly, brains were bisected sagittally. The left half was fixed in 10 % formalin and embedded in paraffin while the right half was microdissected and snap-frozen. Sections of brain were stained with hematoxylin & eosin or immunostained for macrophage/microglia-associated protein CD68 (clone KP1; Dako, Carpenteria, CA), Iba-1 (Wako Chemicals USA, Richmond, VA), or a polyclonal antibody against the SIV envelope gp110 (generously provided by Kelly Stefano Cole and Ronald Montelaro, University of Pittsburgh). SIV encephalitis (SIVE) was empirically defined as the presence of SIV+ microglial nodules, multinucleated giant cells, and profuse perivascular mononuclear infiltrates.
In Situ Hybridization (ISH) ISH for YKL40 was performed as previously described (Bonneh-Barkay et al. 2010a .
Protein Extraction from Brain Tissue
Approximately 100 mg frozen frontal cortical brain tissue was homogenized in ice cold extraction buffer (20 mM Tris-HCl (pH 7.5), 150 mM NaCl, 2 mM EDTA (pH 7.5), 0.5 % NP-40) containing 100 μl/ml protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and 1X phosSTOP inhibitor (Roche, Indianapolis, IN) using a gentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany). Samples were sonicated 3 × 6 s using a Fisher Scientific Sonic Dismembrator (Model 101). Tissue extracts were centrifuged at 32,000×g, 30 min, 4°C. Supernatants were collected and protein quantified using Pierce BCA Protein Assay (Thermo Fisher Scientific, Pittsburgh, PA).
Quantification of SIV in CSF and Brain Tissue Virions from 500 μl of CSF were pelleted by centrifugation at 17, 000 rpm for 1 h. Total RNA was extracted from the viral pellet using Trizol (Invitrogen, Carlsbad, CA). Real-time reverse transcriptase PCR was performed with 20 μl of each RNA sample as previously described (Bissel et al. 2002; Fuller et al. 2002) . Primers and probes were specific for the SIV U5/long terminal repeat region. For brain tissue quantification, the number of SIV RNA copies were determined with modifications to previously published protocols (Cline et al. 2005; Venneti et al. 2008) . Briefly, approximately 100 mg of frozen frontal cortical brain tissue was disrupted in Trizol reagent using small glass beads (0.5 mm). RNA isolation was performed according to Trizol reagent manufacturer's recommendations. Pelleted RNA was dissolved in molecular grade water and SIV gag RNA copy numbers were determined in a two-step PCR procedure.
Duplicate test reactions per sample were prepared with 10 μl of a mix so that the final reaction concentrations contained 1X Reverse Transcriptase Buffer (10X M-MuLV Reverse Transcriptase Buffer, New England Biolabs, Ipswich, MA), 5 μM random nonamers (Sigma-Aldrich), 0.5 mM deoxynucleotide mix (Sigma-Aldrich), 40 Units RNase Inhibitor, Murine (New England Biolabs), and 100 Units MMuLV Reverse Transcriptase (New England Biolabs). Viral cDNA was synthesized as described. The reactions were then subjected to a second Taqman PCR step by adding a cocktail so that the final concentrations contained 1X PCR Buffer (Taqman Universal PCR Master Mix, Applied Biosystems, Foster City, CA), 600 nM of both forward and reverse primers and 100 nM of probe. Run conditions were as described and nominal copy numbers for each sample were determined by interpolation onto a standard curve of SIV gag RNA standards.
YKL40 and Osteopontin ELISA CSF YKL40 concentrations were measured in duplicate using the MicroVue YKL40 ELISA kit (Quidel Corporation, San Diego, CA) according to the manufacturer's protocol. Brain tissue protein extracts isolated from frontal cortical tissue were measured in duplicate using the Human Chitinase 3-like 1 Quantikine ELISA kit (R&D Systems, Minneapolis, MN) according to manufacture's recommendations. CSF osteopontin concentrations were measured using the human osteopontin ELISA kit (Immuno-Biological Laboratories America, Minneapolis, MN) according to the manufacturer's recommendations. CSF neurofilament light chain concentrations were measured in duplicate using the Human neurofilament, light polypeptide ELISA kit (MyBioSource, Inc., San Diego, CA). Optical density was measured using the ELx800 Absorbance Microplate Reader (BioTek, Winooski, VT).
Multiplex Analysis of Neuroimmune Markers Procarta Cytokine Assay Kits (Panomics, Fremont, CA) were used to simultaneously detect 30 nonhuman primate specific proteins and one human cytokine (M-CSF) per reaction in macaque CSF. The analytes are listed in Supplemental Table 1 . These assays are based on Luminex xMAP detection technology that uses beads to quantitatively measure multiple cytokines in a small amount of sample. Cytokines were quantitated at the following time points: baseline (day 0 post-infection (pi)), during acute infection (days 10 and 14 pi), asymptomatic infection (days 28 and 42 pi), at the onset of encephalitis (as defined by elevation of CSF YKL40 concentrations over 1122 ng/ml), and at necropsy. For non-encephalitic macaques, day 70 pi was used in place of the development of encephalitis measurements since day 70 was the average time point YKL40 concentrations increased above 1122 ng/ml in encephalitic animals. CSF samples were diluted 1:2 in Nonhuman Primate Bodily Fluid Buffer (Panomics) and processed according to manufacturer's recommendations. The plate was read by the University of Pittsburgh Cancer Institute LUMINEX Facility using the Bio-Plex reader (Luminex 100) (Luminex Corporation, Austin, TX). Analyte concentrations then were calculated based on the respective standard curve for each analyte.
A subset of analytes shown to be differentially expressed in the CSF of SIV-infected macaques with encephalitis compared to those without encephalitis were evaluated in brain tissue protein extracts isolated from frontal cortical tissue. Samples were processed and read as described for the CSF.
Statistical Analyses Mann-Whitney U tests were used to compare levels of CSF YKL40 and CSF viral loads between SIV-infected encephalitic macaques and SIVinfected macaques without encephalitis. Odds ratios generated to estimate the association of peak CSF YKL40 and CSF viral loads with the development of encephalitis. The optimal cut points for peak YKL40 and SIV RNA were determined by measuring all possible cut points and calculating the sensitivity and specificity at each point and generating a receiver of operator characteristic (ROC) curve. Results from correlation analyses are represented by r, the Spearman rank correlation coefficient.
Results
Increased CSF YKL40 Concentrations are Associated with the Development of SIV Encephalitis
In order to determine the value of using CSF YKL40 as a marker for the presence of encephalitis, we performed a retrospective analysis of 19 pigtailed macaques that were infected with SIV Delta B670. SIV encephalitis (SIVE) was empirically defined histopathologically as the presence of SIV+ microglial nodules, multinucleated giant cells, and profuse perivascular mononuclear infiltrates. Ten macaques had histological presence of SIVE as illustrated in Fig. 1a -c, while nine macaques were histologically normal (illustrated in Fig. 1d ). The histological analysis was confirmed by quantification of SIV RNA copies in frontal cortical tissue (median of macaques with SIVE = 1.16 × 10 7 copies/mg brain tissue; median of SIVinfected macaques without encephalitis = 60 copies/mg brain tissue; P = 0.0007) (Fig. 1g ). In macaques with SIVE, YKL40 expression was observed in astrocytes, and YKL40 expressing cells were most abundant in the vicinity of microglial nodules (Fig. 1e) . SIV-infected macaques without encephalitis did not show YKL40 expressing cells by either immunohistochemistry or ISH for YKL40. Analysis of brain tissue protein extracts from frontal cortex contained significantly higher YKL40 concentrations (median = 23.5 ng/mg brain tissue; range 12.9-51.2 ng/mg brain tissue) than macaques without encephalitis (median = 4.5 ng/mg brain tissue; range 2.5-6.1 ng/mg brain tissue) (P = 0.002) (Fig. 1f) . Analysis of a subset of macaques showed a correlation between YKL40 concentrations and SIV viral load in frontal cortical tissue (Fig. 1h) .
As we reported previously , CSF YKL40 concentrations were elevated in macaques that on post-mortem examination showed evidence of SIV encephalitis (Fig. 2a) . Retrospective analysis showed that the increase in CSF YKL40 concentrations was observed approximately 2-6 weeks prior to necropsy suggesting that the macaques were encephalitic for this length of time. At necropsy, the difference between CSF YKL40 concentrations in macaques with encephalitis (median = 1975 ng/ml) was significantly higher than macaques without encephalitis (median = 362 ng/ml) with little overlap (p = 0.0006) (Fig. 2b) . Next, we performed a case control analysis with repeated observations to examine the association between CSF YKL concentrations and the presence of encephalitis. The risk of developing encephalitis was associated with a one standard deviation increase (SD = 1412 ng/ml) in peak CSF YKL40 concentration (odds ratio 10.4 (p = 0.0387)). Using receiver operating characteristic (ROC) analysis we identified the optimal cut point for CSF YKL40 concentration to be associated with the presence of encephalitis by measuring all possible cut points and calculating the sensitivity and specificity at each point. It was determined that CSF YKL40 concentrations above 1122 ng/ml have a strong likelihood of being associated with encephalitis with a sensitivity of 0.9 and specificity of 0.889 (area under the curve = 0.822). 
Microglial nodules and macrophage infiltrates can be observed with CD68 immunostains (c). SIV-infected macaques without encephalitis show no infiltrate (H&E) (d).
In situ hybridization for YKL40 shows cells expressing YKL40 RNA surrounding a microglial nodule (e). YKL40 concentrations in frontal cortical tissue extracts of macaques with SIVE (red) are significantly elevated compared to SIV-infected macaques without encephalitis (blue), P = 0.002 (f). SIV RNA viral loads in frontal cortical tissue from macaques with SIVE (red) are higher than SIV-infected macaques without encephalitis (blue), P = 0.0007 (g). Correlation between frontal cortical SIV RNA viral load and frontal cortical YKL40 levels (h)
CSF Viral Load Becomes Elevated in the Majority of Macaques that Develop Encephalitis
CSF viral loads have long been used as a measurement indicating the presence of lentiviral encephalitis Cinque et al. 1998a; Zink et al. 1999) . Retrospective analysis of the same 19 macaques confirmed that the majority of macaques with postmortem evidence of encephalitis have increased CSF viral load (Fig. 2c) . However, some SIV-infected macaques without evidence of encephalitis exhibited elevated CSF viral loads; and although the CSF SIV RNA concentrations were significantly higher in terminally ill macaques 6 SIV RNA copies/ml) (p = 0.0479) (Fig. 2d) , there was overlap with a few SIV-infected non-encephalitic macaques (median = 4750 SIV RNA copies/ml). Performing similar statistical analyses as for YKL40 showed that the risk of developing encephalitis was associated with a one standard deviation (4.53 × 10 6 copies/ml) increase in CSF SIV RNA copies (odds ratio 12.27 (p = 0.0479)). The optimal cut point for CSF SIV RNA load to be linked to the presence of encephalitis was 1.65 × 10 5 copies/ml with a sensitivity of 0.9 and a specificity of 0.889.
Increases in SIV CSF Viral Load and CSF YKL40 Concentrations are Parallel During the Development of Encephalitis
Looking at the relationship of CSF SIV viral load and YKL40 concentrations in all animals showed a Spearman rank correlation coefficient of 0.514 (p = 0.024). Linear regression analysis of SIV-encephalitic macaques alone showed a strong association (r 2 = 0.728, p < 0.0001) (Fig. 3a) , while macaques that did not develop encephalitis showed little association (r 2 = 0.1818, p = 0.0460) (Fig. 3b) . In order to verify the relationship of CSF SIV viral load and YKL40 concentrations, we plotted the two variables for each individual macaque over the course of infection (Fig. 4) . In macaques that developed encephalitis, CSF YKL40 concentrations generally rise in parallel to CSF SIV RNA concentrations (Fig. 4a) . Compared to CSF SIV viral load, it usually took 1 to 2 weeks longer for CSF YKL40 concentrations to reach the optimal cut point to be linked to the presence of encephalitis. Macaques that did not develop encephalitis showed little variation or elevation in CSF YKL40 concentrations even when CSF SIV RNA concentrations became elevated (Fig. 4b) .
Macaques that Develop Encephalitis Exhibit Chronic CNS Immune Activation
With the capacity to assess onset of neurological infection, we quantified other immune markers in serially sampled CSF. We examined 31 CSF analytes (Supplemental Table 1 ) using Luminex multiplex protein analysis in 10 macaques that developed SIVE and 8 macaques that did not develop encephalitis. We measured seven time points: preinfection, acute infection (days 10 and 14 pi), asymptomatic infection (days 28 and 42 pi), at the time point YKL40 concentrations rose (for non-encephalitic macaques we used day 70 pi, which was the average time of YKL40 increase in encephalitic macaques), and at necropsy. A few analytes were not detectable at any time point post-infection, while some were not affected by the disease process (Tables 1 and 2 ). The remaining analytes could be divided into three broad categories: chronic immune activation, CNS macrophage activation and recruitment, and protective response. In macaques that developed SIVE, PAI-1, IL-6, VEGF, CCL2, and CCL11 were increased at acute infection and then again at the time YKL40 rose indicating chronic immune activation in macaques that developed SIVE (Fig. 5, Supplemental Fig. 2a , Supplemental Table 2 ). Some proteins, PAI-1, IL-6, and CCL2, were also increased at the later time point of asymptomatic infection. Macaques that did not develop encephalitis showed increased levels of these chronic activation markers compared to baseline but at a lower level.
The second category of response included proteins that were elevated only in macaques that developed encephalitis at the time YKL40 rose or slightly before (day 42 pi) ( Fig. 6 ). These proteins can be functionally classified as involved in CNS macrophage activation and recruitment and at least some of them are known to be induced by interferon-γ which is increased in macaques with encephalitis at day 42 pi, time of YKL40 rise, and at necropsy (Supplemental Table 2 ).
The final category of response was identified in macaques that did not develop encephalitis. The most prominent of these proteins was IL10 (Fig. 7) elevated during all stages of infection (acute, asymptomatic, and at the average time SIVE macaques developed encephalitis) (Supplemental Table 3 ). IFN-γ was increased in some animals during the acute stage of infection (Fig. 6d) . PDGF-bb and RANTES were also more prevalent in the CSF of macaques that did not develop encephalitis (Supplemental Fig. 1b and 1c) . These cytokines may be the signature of a protective response to the development of CNS lentiviral disease. CSF biomarkers of neuronal damage include neurofilament light chain (NFL), amyloid beta fragments (Aβ42 and Aβ40), soluble amyloid precursor proteins, and total and phosphorylated tau (Sjogren et al. 2001; Andreasson et al. 2007; Gisslen et al. 2009; Hampel et al. 2010; Gunnarsson et al. 2011; Landqvist Waldo et al. 2013; Jessen Krut et al. 2014; Peterson et al. 2014) . To explore the relationship between neuronal injury and YKL40 in the CSF, we longitudinally measured the CSF concentration of NFL in a subset of SIV-infected macaques with and without encephalitis. NFL has been shown to be a sensitive biomarker of active CNS infection during HIV infection (Peterson et al. 2014 ).
Comparison of CSF YKL40 and NFL concentrations over the time course of SIV infection shows that higher YKL40 concentrations tended to correlate with higher NFL concentrations (Fig. 8) . However, one SIV-infected macaque with low CSF YKL40 concentrations exhibited high concentrations of NFL. This macaque showed corticospinal tract Wallerian degeneration with minimal immune activation. This suggests YKL40 is linked with neuronal injury in the presence of inflammation.
Brain Protein Extracts and CSF Exhibit Similar Differences in Neuroimmune Marker Concentrations
Since the CSF only partially reflects the environment of the CNS, we sought to examine the brain tissue concentrations of the neuroimmune markers that showed differential concentrations in the CSF of SIV-infected macaques with and without encephalitis. We used Luminex multiplex protein analysis to examine protein extracts from midfrontal cortical brain tissue in 5 macaques that developed SIVE and 7 SIV-infected macaques that did not develop encephalitis. Concentrations of IL-1β, IL-6, IL-8, IL-10, CCL2, CCL4, CXCL9, CXCL11, IFN-γ, MIF, and VEGF were measured. With the exception of MIF, which was not detected in these brain tissue lysates, the concentrations of neuroimmune markers in the brain reflected that observed in the CSF (Figs. 5, 6 , 7 and 9). This suggests that use of CSF to reflect the environment of the brain parenchyma is valid for YKL40 (Fig. 1f) and the majority of neuroimmune markers examined.
Discussion
We have shown that CSF YKL40 concentration is a specific and sensitive indicator of encephalitis in SIV-infected macaques. Statistical modeling predicts that macaques with CSF YKL40 concentrations in excess of 1122 ng/ml have a 10-fold increased probability of having encephalitis. Retrospective analysis of serial CSF samples convey that elevated YKL40 concentrations and CNS viral replication occur 2 to 8 weeks before animals require humane sacrifice. Although YKL-40 is not disease-specific, the unique macrophage-rich neuroinflammatory environment associated with infected macrophages once encephalitis develops is thought to initiate YKL-40 production in astrocytes. Monitoring viral replication and host response in order to follow the onset and course of CNS disease enables definition of pathological and immunological events during the progression of lentiviral encephalitis. Upon retrospective review, two interesting CSF expression profiles were detected in macaques that did versus those that did not develop encephalitis.
Acute Increases in CSF Cytokines and Chemokines in SIV-Infected Macaques
Acute systemic primary infection is noted by a sharp rise in HIV RNA in the plasma (Lindback et al. 2000) , induction of chronic immune activation (Douek et al. 2009 ), and clinical symptoms in the majority of individuals (80-90 %) (Schacker et al. 1996; Hecht et al. 2002) . Acute immune activation is associated with striking increases in the plasma levels of several cytokines and chemokines including IFNα, IFNγ, IL6, IL8, IL10, IL15, CXCL10, TNFα and CCL2 (Stacey et al. 2009 ). The kinetics of the appearance of these cytokines varies and some are transiently increased while others such as CCL2 and TNFα are more sustained. Of note, alterations in plasma cytokine levels are either not observed or are delayed and of lesser magnitude in acute hepatitis B and hepatitis C viral infection. Elevation of peripheral immune responses is communicated to the brain through a variety of pathways, leading to production of proinflammatory cytokines by microglia (Perry 2004; Dantzer et al. 2008) . We observe detectable acute increases of CCL2, IL6, IL1b, CXCL11 and others in the CSF of SIVinfected animals independent of development of encephalitis, although the magnitude of the increase is greater in animals that develop encephalitis. In addition to peripheral cytokine storms altering CSF cytokine concentrations, entry of HIV or SIV into the CNS can also occur during acute infection (Chakrabarti et al. 1991; Davis et al. 1992; Gray et al. 1993; Lackner et al. 1994; An et al. 1999; Witwer et al. 2009 ), thereby triggering proinflammatory cytokine responses in the CNS. Acute increases in TNFα, CCL2, and IL10 levels in the brain have been seen in SIV-infected pigtail macaques by others (Witwer et al. 2009 ). Interestingly, acute increases in YKL40 CSF levels are not identified, suggesting YKL40 expression is truly a marker of encephalitis and not induced by neuroimmune Fig. 6 The majority of elevated neuroimmune markers became elevated as encephalitis developed and were associated with macrophage recruitment and activation. Multiplex quantitation of 31 cytokines present in the CSF was performed on samples from baseline (d0), acute infection (d10 and d14), asymptomatic infection (d28 and d42), development of encephalitis (rise of YKL40), and at necropsy (nec). IL-1β (a), MIF (b), IL-8 (c), IFN-γ (d), CXCL9 (e), CXCL11 (f), CCL4 (g), TGF-β (h) were elevated when encephalitis (red) developed or shortly before. SIV-infected nonencephalitic macaques (blue) show little elevation of these markers. Bars represent median concentrations of the indicated cytokine Fig. 7 Non-encephalitic SIV-infected macaques have detectable CSF IL-10 suggesting a protective response. Multiplex quantitation of 31 cytokines present in the CSF was performed on samples from baseline (d0), acute infection (d10 and d14), asymptomatic infection (d28 and d42), development of encephalitis (rise of YKL40), and at necropsy (nec). Bars represent median concentrations of IL-10 activation during acute infection. Together, these observations suggest that activation of brain immune responses during acute HIV or SIV infection might be predictive of the risk of developing encephalitis as observed with morbidity and mortality in the peripheral system (Deeks et al. 2013) . 
Macaques Destined to Develop Encephalitis Showed Evidence of Chronic Neuroimmune Activation
This acute CSF expression profile of macaques that subsequently developed encephalitis suggests these cytokines may contribute to chronic neuroimmune activation. PAI-1, IL-6, VEGF, CCL2, and CCL11 were elevated throughout infection. Elevated expression of these cytokines in the CNS is thought to be associated with neurological diseases such as multiple sclerosis, bacterial meningitis, leukemia, and encephalitidies (Laurenzi et al. 1990; Perrella et al. 1992a; Rieckmann et al. 1995; Akenami et al. 1997; Zink et al. 2001; Kirk and Karlik 2003; Mankowski et al. 2004; Roberts et al. 2004; Roscoe et al. 2009 ). Increased PAI-1 is suggestive of endothelial cell dysfunction but also might prevent neuronal apoptosis (Soeda et al. 2008) . During inflammation, neuronal VEGF expression may lead to increased vascular permeability (Suidan et al. 2010 ). CCL2, a noted macrophage attractant, is well known to be associated with lentiviral encephalitis (Cinque et al. 1998b; Zink et al. 2001) . Elevated CNS IL6 may eventually promote expression of neuroinflammatory cytokines observed in the CNS of encephalitic animals.
Encephalitic Macaques had a CSF Neuroimmune Profile Consistent with Macrophage Activation and Recruitment
The second CSF profile observed in macaques that develop encephalitis is concurrent with the development of CNS disease, i.e. rise in CSF YKL40 concentrations. Many of these neuroimmune markers are indicative of macrophage recruitment (IL-8) and activation (IL-1β, CCL4), while others are associated with a failed response to viral infection (IFNγ, CXCL11, CXCL9). We were unable to detect the presence of TNFα in any of the CSF samples regardless of the presence of encephalitis despite acute TNFα mRNA being readily detectable in brain tissue of SIV-infected macaques (Witwer et al. 2009 ). The lower limit of the multiplex assay used here was 4 pg/ml. Unfortunately, this assay may not be sensitive enough to detect changes in TNFα levels during lentiviral infection since CSF samples from patients with HIV encephalitis had a median concentration of 11.3 pg/ ml (Monno et al. 1999) . Increased MIF concentrations in plasma are thought to promote HIV transcription and replication (Regis et al. 2010; Delaloye et al. 2012) suggesting the increased CSF MIF levels seen at 42 days postinfection in macaques that go on to develop SIVE may promote an environment conducive to viral replication and development of encephalitis. TGF-β is an interesting cytokine with both regulatory and inflammatory activity depending on context (Li and Flavell 2008) . Since TGF-β is elevated in macaques that do not develop encephalitis, albeit at lower level compared to macaques with encephalitis, it is intriguing to hypothesize that in the right cellular and environmental context TGF-β may be protective. In addition, we also compared CSF YKL40 concentrations to osteopontin -a recently reported CSF biomarker of SIV encephalitis that is associated with macrophage survival and accumulation in the CNS (Burdo et al. 2007 ). YKL40 and osteopontin CSF concentrations had similar patterns of increase in macaques that developed encephalitis (Supplemental Fig. 2 ).
YKL40 Levels are Increased in Diseases Characterized by Inflammation
Plasma levels of YKL40 are increased in a wide variety of conditions associated with acute and chronic inflammation and/or tissue remodeling such as infectious diseases (hepatitis c, pneumonia), autoimmune diseases (rheumatoid arthritis, systemic lupus erythematosus, inflammatory bowel disease), remodeling diseases (osteoarthritis, liver cirrhosis), cancer (osteosarcomas, adenocarcinomas, breast, lung, melanoma), and other inflammatory conditions (asthma, pulmonary disease) (Johansen et al. 1997 (Johansen et al. , 2000 (Johansen et al. , 2006 Nordenbaek et al. 1999; Vos et al. 2000; Jensen et al. 2003; Vind et al. 2003; Saitou et al. 2005; Chupp et al. 2007; Letuve et al. 2008 ). In the CNS, YKL40 is significantly elevated in the CSF of acute and chronic neuroinflammatory conditions including lentiviral encephalitis, meningitis, traumatic brain injury, infarcts, early Alzheimer's disease, and glioblastoma (Junker et al. 2005; Hormigo et al. 2006; Bonneh-Barkay et al. 2008 , 2010a Craig-Schapiro et al. 2010) . While the functions of YKL40 in the CNS are poorly understood, YKL40 can act as a regulator of several biologic processes such as apoptosis, MAPK and Akt signaling, Th1/Th2 balance, oxidant injury, and TGFβ1 production (Lee et al. 2009; Chen et al. 2011; Dela Cruz et al. 2012) . We observed that YKL40 CSF levels correlate significantly with CSF cytokines such as IL1β, IL6 and osteopontin during the development of SIV encephalitis. Increases in these inflammatory mediators and others such as TNFα and C-reactive protein have been shown to correlate with CSF and CNS tissue YKL40 expression in other CNS inflammation models (Bonneh-Barkay et al. 2010b; Bhardwaj et al. 2015) . The proinflammatory cytokines IL1β, IL6, oncostatin M, TNFα, and factors released from differentiating monocyte-derived macrophages have been shown to induce YKL40 expression in astrocytes (Singh et al. 2011; BonnehBarkay et al. 2012; Bhardwaj et al. 2015) . In the CNS, YKL40 induction is mostly restricted to astrocytes (Bonneh-Barkay et al. 2010a Craig-Schapiro et al. 2010) and is regulated by STAT3 and RelB/p50 complexes of NF-κB (Bhardwaj et al. 2015) . Thus, during development of lentiviral encephalitis, activated and infected macrophage/microglia likely promote YKL40 expression in astrocytes.
Macaques Destined to Escape Encephalitis Showed a Unique CSF Profile
Identification of a CNS cytokine response associated with protection from encephalitis has been elusive. It might be that there is no single protective response and that complex interactions in an individual dictate whether there is CNS disease progression. We observed that SIV-infected non-encephalitic macaques have elevated CSF IL-10, CCL5, and PDGF-bb during the course of infection. The role of IL-10 during viral infection has been controversial despite its known immunosuppressive effects. Even though it has been suggested that IL-10 expression leads to chronic viral infection (Blackburn and Wherry 2007) , IL-10 is thought to suppress HIV-1 replication in macrophages (Ancuta et al. 2001) . Polymorphisms in the il10 gene may also influence disease progression (Carrington et al. 2001; O'Brien and Nelson 2004) . CCL5 and CCL4 were early promising HIV-suppressive factors (Cocchi et al. 1995) and their immunohistochemical expression has been shown to be increased during lentiviral encephalitis (Sasseville et al. 1996; Sanders et al. 1998) . Expression of unique combinations of these cytokines and other factors in balance may protect the host from CNS lentiviral disease.
Does the analysis of pigtailed macaque CSF presented here reflect the human disease or that of other species? YKL40 concentrations were significantly elevated in CSF of patients with an elevated CSF HIV viral load (>10,000 copies/ml), and there was a significant elevation of CSF YKL40 in patients with HIV encephalitis compared to patients without encephalitis . YKL40 CSF concentrations are also increased in the CSF of rhesus macaques with SIVE (unpublished observations). Higher concentrations of IL-6, IL-8 and CCL4 in the CSF of HIV subjects with advanced stages of infection, HIV dementia or milder forms of HIVassociated neurocognitive disorder (HAND) have been observed (Laurenzi et al. 1990; Perrella et al. 1992b; Airoldi et al. 2012; Yuan et al. 2015) . It will be interesting to examine YKL40 and other neuroimmune markers in longitudinal CSF samples from HIV-infected patients with HAND.
In summary, these data suggest that chronic CNS immune activation antedates the development of frank encephalitis. The next step is to determine how these findings translate to the development and presence of HAND in HIV-infected patients with or without antiretroviral treatment. We have already observed that YKL40 is increased in HIV-infected patients with high CSF viral loads . Whether specific cytokines inhibit viral infection/replication, affect macrophage activation/recruitment, are neuroprotective, or some combination of all of these remains to be determined.
